OBJECTIVE: Infants born at extremely low gestational ages are at high risk for developmental impairments. Early predictors of these impairments are useful for both clinicians and researchers. Our objective was to assess the correlation between the rate of brain wave maturation as measured by serial amplitude-integrated electroencephalograms (aEEGs) and scores on standardized measures of infant development in extremely low gestational age neonates. STUDY DESIGN: This was a prospective observational study of 65 infants born before 28 weeks' gestational age who were assessed with an aEEG monthly between 28 and 36 weeks' postmenstrual age and with the Bayley Scales of Infant and Toddler Development-III at 18 to 22 months adjusted age. We analyzed the correlation between the rate of brain wave maturation on aEEG and Bayley Scales of Infant and Toddler Development-III Cognitive and Motor Scales. RESULT: The mean rate of brain wave maturation was 0.83 ( ± 0.36) points per week. Brain wave maturation was not correlated with either the Cognitive or Motor Scale (adjusted regression coefficients for Cognitive and Motor Scales were 1.61 (s.e.: 4.20; P ¼ 0.70) and 2.39 (s.e.: 4.62; P ¼ 0.61), respectively. CONCLUSION: Among extremely preterm infants, the rate of maturational changes in brain wave characteristics between 28 and 36 weeks' postmenstrual age is not predictive of developmental abilities at 18 to 22 months adjusted age.
INTRODUCTION
Children born at extremely low gestational ages are at high risk for developmental impairments. 1, 2 Upon discharge from neonatal intensive care, the estimated risk of developmental impairments can be used to target early intervention services to those at highest risk. Useful assessments of risk include clinical risk scores, 3, 4 neuro-imaging, [5] [6] [7] and assessments of early-brain function.
Neonatal brain function can be readily assessed using amplitude-integrated electroencephalography (aEEG). Delays in developmentally regulated changes in background activity and sleep wake cycling, especially in the first 2 weeks of life, are predictive of cerebral palsy and developmental delays in early childhood. 8 Based on characteristics of the neonatal aEEG that change in a predictable pattern during the first postnatal months, [9] [10] [11] [12] Burdjalov et al. 9 developed an aEEG score that correlates well with postmenstrual age. To explore whether the postnatal maturation of aEEG characteristics reflects brain functional development, we evaluated whether the rate of change in the Burdjalov aEEG score during the first 2 postnatal months correlated with scores on a standardized developmental assessment at 18 months adjusted age. We hypothesized that the rate of increase in the neonatal aEEG score would be positively correlated with infant developmental scores. aEEG recordings aEEG recordings were performed at 28, 32 and 36 weeks' postmenstrual age (PMA), or just before discharge if the infant was discharged before 36 weeks. Recordings were obtained using either the Component Neuromonitoring System Model N-300 (Moberg Research, Ambler, PA, USA) or the Olympic Cerebral Function Monitor 6000 (Olympic Medical, Seattle, WA, USA). These are portable electroencephalography (EEG) monitors with an EEG amplifier, compact-sized computer, flat panel touch screen display and an isolation transformer. The aEEG is displayed on a semilogarithmic scale with trends of computed numeric values.
When using the Moberg device, we attached a pair of standard gold-disk EEG scalp electrodes to the parietal areas bilaterally with electrode paste, after preparing the skin with Nuprep gel. A reference electrode was placed over the mid-frontal area of the scalp and a ground electrode was placed on an earlobe. Each electrode was secured with gauze and hypoallergenic skin tape. When using the Olympic device, the skin was prepared with Nuprep gel and three hydrogel electrodes were placed, one in the frontal midline region, as a reference, and one 3.75 centimeters from the midline on each side, as close to the coronal plane as possible based on the amount of hair on the infant's scalp. Each patient's scalp was wrapped with gauze to prevent disruption of the signal during patient care, and the wires were positioned to avoid contact with the patient and caregivers.
Continuous impedance was measured during the recording, and any impedance over 10 k Ohms was addressed by adjusting the contact of the electrodes with the skin. To reduce artifact due to movement from highfrequency jet, the jet box was wrapped in blankets and placed on a bag of normal saline to dampen the transmission of vibrations to the infant through the bed. Continuous recordings were performed for 6 h.
The EEG signal was filtered to attenuate signals below 2 Hz and above 16 Hz, amplified, time compressed and rectified. The compressed aEEG signal was displayed on a semilogarithmic scale at a speed of 6 cm h À 1 .
aEEG interpretation
For each tracing, a graduated scoring system was used to assign a maturation score, as developed by Burdjalov et al.. 9 Four components of the tracing were assessed: continuity, cyclic changes in electrical activity, voltage amplitude and bandwidth. Each component was scored individually according to the level of maturity represented in the tracing. The scores were added together to yield a combined maturation score that ranged from 0 to 13 points. Two evaluators, who were blinded to the patient's identification, gestational age and PMA, independently scored all tracings. From each recording, the longest uninterrupted period of at least 3 h was used for analysis. When the two readers' score differed by more than one point, the readers reviewed the recording together and reached a consensus. A previous study found an inter-coder reliability of 82% and 100% for one and two points of difference between scores, respectively, using this system. 9 The aEEG tracings were also assessed for evidence of burst suppression. 13 
Data and definitions
Data pertaining to antenatal and postnatal factors were collected from a prospective review of medical records and included; gestational age at birth, birth weight, race, sex, receipt of antenatal steroids, mode of delivery, Apgar score at 5 min of life, fetal growth, level of maternal education, treatment of early onset sepsis, pneumothorax, pulmonary interstitial emphysema, chronic lung disease, late onset sepsis, necrotizing enterocolitis, receipt of postnatal steroids, human milk, parenteral nutrition and caloric intake, and white matter damage.
Maternal receipt of antenatal steroids was defined as administration of at least one dose of glucocorticoids before delivery. Small for gestational age was defined as birth weight less than the tenth percentile based on Fenton growth curves.
14 Late onset sepsis was defined as clinical signs and symptoms of infection with a positive blood culture at 472 h of age for which five or more days of antibiotic therapy were administered. Necrotizing enterocolitis was defined as radiographic findings consistent with Bell's stage 2B or greater treated with antibiotics for 7 or more days. 15 Human milk intake was expressed as the proportion of the volume of all nutritional fluid intake (enteral and parenteral fluid) from birth to discharge that consisted of human milk. [16] [17] [18] Parenteral nutrition intake, due to its potential adverse effects on brain development, was studied and expressed as a proportion of total nutritional intake. As a surrogate marker for nutritional status, caloric intake from both parenteral and enteral nutrition was calculated at 14 and 21 days of age, averaged and expressed in calories kilogram À 1 per day. 19 As a component of routine care, all infants were screened for brain abnormalities using brain ultrasonography at 7 to 10 days of life and at 36 weeks' PMA. The clinical interpretations of cranial ultrasounds were used to identify white matter damage, which was defined as moderate to severe ventriculomegaly, intraparenchymal echodensity or cystic changes on one or both of the routine screening ultrasounds. All abnormal findings were reviewed by two readers and a consensus regarding the presence of significant white matter injury was reached.
Infants were evaluated in our developmental follow-up clinic between 18 and 22 months adjusted age using the Bayley Scales of Infant and Toddler Development-third edition. 20 Examiners were unaware of the medical history or aEEG results. The Bayley Scales include a Cognitive Scale and a Motor Scale.
Data analysis
Data were analyzed using SAS (SAS Institute, Cary, NC) version 9.1.3. Cohort attributes were described as proportions and means with s.d. values. T-tests and w-2 tests were used for univariate group comparisons. For each infant, we defined the rate of brain wave maturation as the regression coefficient from linear regression models in which the independent variable was postmenstrual age (estimated gestational age at birth plus postnatal age) and the dependent variable was an aEEG score. The relationship of rate of brain wave maturation and scores on the Bayley Scales of Infant and Toddler Development-III (Cognitive and Motor Scales) was analyzed with linear regression.
To identify variables that might confound the analysis of the brain wave maturation developmental scores relationship, we evaluated the relationship of infant attributes with brain maturation scores and with developmental scores. Infant attributes that were associated with either brain maturation score or developmental score at a significance level of p0.1 were selected as potential confounders and were included in multivariate regression models. Using stepwise backwards elimination of variables not significant at Pp0.1, we arrived at final models relating infant attributes to developmental scores.
RESULTS

Subjects
Of the 251 infants screened for inclusion into the study, 21 did not meet inclusion criteria, 88 infants' parents declined participation, 19 expired before consent, 6 had language barriers to consent and 6 were not in their parents' custody. One-hundred eleven infants were enrolled in the study. Two infants were subsequently withdrawn from the study by parental request.
Of the 109 infants who completed the study, 90 survived to 18 months adjusted age and 65 returned for neurodevelopmental follow-up between August 2007 and December 2009. The attributes of these infants are presented in Table 1 . Infants assessed at 18 months, as compared with those who died or did not return for follow-up, had similar rates of brain wave maturation, but they were less likely to have had early sepsis and less likely to have received postnatal steroids, and they received a lower proportion of calories from parenteral nutrition. Of the 65 infants who returned for follow-up, 63 had at least two aEEGs performed and thus the rate of brain wave maturation could be calculated (Figure 1 ). Eighty-five percent (n ¼ 55) of these infants had all three aEEGs performed. One infant lacked the 28-week aEEG and 8 lacked the 36-week aEEG. The median (interquartile range) age of infants at the time of the 28-week aEEG was 13 days (7 to 20 days).
aEEG interpretation
The average rate of brain wave maturation was 0.83 (±0.36) points per week. Correlates of rate of brain wave maturation were race (higher for non-Caucasian), gender (lower for males) and average caloric intake (lower with increasing caloric intake) ( Table 2 ). The inter-coder reliability for two points or less of difference between brain wave maturation scores was 93%.
Of the infants who returned for follow-up, 30 had evidence of burst suppression on at least one aEEG. Twenty-nine of these had burst suppression on the aEEG performed at 28 weeks' PMA and four infants had burst suppression on aEEG at 32 weeks' PMA. Three of these four infants also had burst suppression at 28 weeks' PMA. No burst suppression was found on any aEEG tracings performed at 36 weeks. and 95, 14 respectively. Correlates of both Bayley Cognitive Scale and Motor Scale were gestational age (higher scores with higher gestational age), white matter damage (lower scores with white matter damage), proportion human milk (higher scores with greater human milk intake) and caloric intake (higher scores with higher caloric intake) ( Table 2) .
Additional correlates of the Motor Scale were SGA (lower score), birth weight (higher score with higher birth weight), chronic lung disease (lower score with chronic lung disease) and proportion of parenteral nutrition (lower score with higher proportion of parenteral nutrition) ( Table 2) .
When infants with white matter damage were excluded from the analyses, gestational age and proportion of human milk were the only predictors of the Cognitive Scale. Gestational age, small for gestational age, birth weight, chronic lung disease, proportion of human milk and proportion of parenteral nutrition were predictors of the Motor Scale. aEEG interpretation and neurodevelopmental outcome The rate of brain wave maturation was not significantly associated with the Cognitive Scale or the Motor Scale (regression coefficient (s.e.) -1.85 (4.69), P ¼ 0.69 and 1.86 (5.20), P ¼ 0.72, respectively) ( Table 2) , nor was burst suppression at 28 weeks' PMA.
In multivariate models, significant predictors of the Cognitive Scale were gestational age, white matter damage and proportion human milk, but not rate of brain wave maturation (Table 3) .
Significant predictors of the Motor Scale were white matter damage, proportion of human milk and proportion of parenteral nutrition, but not rate of brain wave maturation (Table 3) .
When infants with white matter damage were excluded from the analysis, the only predictor of the Cognitive Scale was proportion of human milk and the only predictors of the Motor Scale were chronic lung disease and proportion of human milk.
DISCUSSION
Contrary to our hypothesis, the rate of brain wave maturation in the first 2 postnatal months was not predictive of developmental abilities later in infancy. None of the known risk factors for adverse developmental outcome that we measured was associated with slower brain wave maturation. Average caloric intake at the second and third week of life, which might reflect nutritional adequacy, was positively correlated with developmental scores but negatively correlated with brain wave maturation. Overall, our findings suggest that the rate of brain wave maturation early in life, as reflected in the aEEG characteristics studied here, is not influenced by neonatal morbidities such as white matter damage and chronic lung disease, and is not predictive of developmental outcome later in infancy. Thus while delays, in the first 2 weeks of life, in developmentally regulated changes in background activity and sleep wake cycling have been found to be predictive of subsequent developmental impairments, a slow rate of maturation of aEEG characteristics is not.
Others have found that maturation of the aEEG is influenced by both gestational age at birth and postmenstrual age. 11, 21 While 
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Brain wave maturation and neurodevelopmental outcome C Welch et al gestational age at birth predicts a more mature aEEG, at any PMA, preterm infants born at lower gestational age have a more mature aEEG than those born at higher gestational age. The inverse relationship of gestational age at birth and brain wave maturation rate might obscure associations between brain wave maturation rate and developmental risk factors and outcomes. We cannot exclude the possibility that factors associated with adverse developmental outcome actually accelerate brain wave maturation. More likely, this finding may be explained by early preterm insults that are reflected as abnormalities on the aEEG such as burst suppression. These acute changes are similar to the discontinuity seen in the tracings of very immature infants. These aEEG changes revert to more normal patterns over the ensuing weeks. For infants who have undergone an early insult, the changes seen between aEEG tracings at 28 weeks' PMA and those at 32 weeks could be misinterpreted as more rapid maturation, when in fact, it represents brain wave recovery. In these infants, an elevated slope of 'brain wave maturation' may actually be a reflection of a very low maturation score in the first weeks of life and thus indicative of worse outcome. The inclusion of infants with early perinatal insults may have obscured our ability to detect an association between brain wave maturation in healthy preterm infants and neurodevelopmental outcome. Our study has several potential limitations. First, we had complete data on only 66% of participant. Infants who were lost to follow-up, and therefore not included, tended to have more severe neonatal complications than those included. This selection bias could have masked an association with aEEG maturation and developmental scores if such a relationship applies only to infants with severe neonatal complications. Second, the device we used to collect aEEG data does not provide automated scoring. The scoring method we used relies on visual inspection of aEEG tracings and has inter-coder reliability of 82 and 100% for 1 and 2 points of difference between maturation scores. 9 In addition, aEEG may not be precise enough to detect changes in brain waves with maturation as compared with the standard EEG. Kato et al. 22 compared aEEG and EEG recordings performed weekly between 27 and 37 weeks' PMA on 37 infants and found that the correlation between the estimated PMA, by evaluation of tracing characteristics, and actual PMA was greater with EEG than with aEEG tracings Third, the aEEG characteristics for the time period on which we focused might not be sensitive to the adverse effects of neonatal morbidities on brain development. Others have found that abnormal aEEG findings in the first few days to 2 weeks of life are predictive of worse developmental outcome. 23, 24 Fourth, the sample size available to us provided adequate statistical power only for detecting correlation coefficients 40.35. Fifth, our outcome assessment was limited to information derived from the Bayley Scales, which are only modestly predictive of a child's eventual intelligence quotient. 25 
CONCLUSION
Brain wave maturation in the first 3 months of life as measured by serial aEEG did not predict neurodevelopmental outcome at 18 months adjusted age in a cohort of 63 relatively healthy ELBW infants. Brain wave maturation and neurodevelopmental outcome C Welch et al
